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Abstract

This project presents production process of hydrogen, as clean fuel, from
cooking oil. The use of cooking oil has received much interest since it has low price.
In addition, if hydrogen is produced from the used cooking oil, this is an alternative
way to dispose of non-reusable waste. In this project, hydrogen production through
autothermal reforming was investigated by considering four different cooking oils,
i.e., fresh vegetable oil, used vegetable oil, fresh animal fat and used animal fat. It is
noted that vegetable oil is soybean oil whereas animal fat is lard. This project aims to
determine the optimal operating conditions for hydrogen production via
thermodynamics calculation. Effects of oil types, steam to carbon molar ratio,
reforming temperature and pressure and amount of calcium oxide on hydrogen
production were examined. The results showed that the optimal operating conditions
of reformer are temperature of 900 K, pressure of 1 bar and steam to carbon molar
ratio of 5. Then, water gas-shift (WGS) reactor is installed after reforming process to
enhance hydrogen content. It was found that the optimal operating conditions of WGS
are at 360 K and atmospheric pressure. Furthermore, the chemical looping of calcium
oxide is proposed in this process to remove carbon dioxide from synthetic gas. The
simulation results showed that the optimal operating conditions of chemical looping
are temperature of 777 K, pressure of 1 bar and amount of calcium oxide as 18
kmol/hr. Finally, the separator is used to separate steam. When the amount of
hydrogen produced is analyzed, it can be concluded that the used soybean oil can
produce the highest amount of hydrogen, followed by fish soybean oil, used lard and
fresh lard, respectively. Under these operating conditions, the hydrogen purity of

99.9% can be provided and this can be used as a liquid fuel in industries.
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CHAPTER I
INTRODUCTION

1.1 Background [1-4]

Nowadays, energy plays a significant role in economic development in all
countries. This leads to an increase in global energy demand. However, the
consumption of fossil fuel-based energy encounters two main issues: (1) the depletion
of fuel, resulting in the price crisis and (2) the emission of greenhouse and other gases
to the atmosphere, leading to climate change. In order to solve these problems,
hydrogen is regarded as an ideal energy source to replace the fossil fuel in the future
since hydrogen is non-toxic and can be used as a fuel in the combustion engines
without the emission of pollution.

In general, hydrogen can be produced through different processes, €. g.
thermochemical, electrolysis and photolytic processes. Among these, thermochemical
process is commonly used to produce hydrogen from hydrocarbon fuel. Today, 95%
of hydrogen is produced from fossil fuels, such as natural gas and oil [1]. However,
the use of fossil fuels as feedstocks was of interest to causes the problems as
aforementioned. Therefore, the use of renewable resources has been interested in this
project. Biomass is an efficient renewable energy since the use of biomass helps
reduce dependence on fossil fuels. Biomass is a clean renewable energy source. It can
be used to produce useful fuels, such as hydrogen, carbon dioxide, methane, and
others. Currently, the use of cooking oil is one issue that must be handled. The
advantage of hydrogen production from used cooking oil is high potential yields of
hydrogen and low price [ 2] . Besides the vegetable oils, animal fats are also
considering in this project. In addition to fresh vegetable oils and animal fats, the used
cooking oil can be considered as one of feedstock. The use cooking oils is generated
in large scale to be incapable of reusing because when it has been heated, it can cause
some serious health hazards. The use of cooking oil may contain possibly
carcinogenic free radicals. Interestingly, its price is cheaper compared to other
biomass [3].

As mentioned above, hydrogen can be produced through thermochemical
processes which are included steam reforming (SR), partial oxidation (POX), and the
combination of steam reforming and partial oxidation commonly known as

autothermal reforming (ATR). Comparison between advantages and disadvantages of



each process, it is found that the autothermal reforming has received much attention
since this process can produce hydrogen more than partial oxidation, whereas it
requires the external energy less than the steam reforming [4]. For this reason, the
autothermal reforming can provide high ratio of hydrogen to carbon monoxide and
reduce the cost of production.

However, the gas products or synthesis gas obtained from autothermal
reforming will contain high quantities of carbon dioxide. As a result, the
concentration of hydrogen is reduced. Thus, the separation of carbon dioxide from
synthesis gas is required to increase the purity of hydrogen. In the recent years, the
carbon dioxide removal process based on the absorption process is considered in the
industry. It can be divided into two types: (1) physical absorption process which it’s
based on the bond between the molecules adsorbate on the surface of the absorbent
and (2) chemical absorption process which involves a chemical reaction between the
surface and the absorbate. This project focuses on the chemical absorption process.
Chemical looping has a significant advantage compared to another absorption
technologies since chemical looping is used for capture carbon dioxide with a low
energy demand. Moreover, the absorbent can be regenerated.

This project aimed to develop a model of the hydrogen production process
through autothermal reforming of fresh and used vegetable oils/ animal fats integrated
with the chemical looping process. AspenPlus™ software was used to design and

simulate the process to produce hydrogen.

1.2 Objective

To study and simulate the hydrogen production process through autothermal
reforming integrated with chemical lopping using calcium oxide (CaO) as absorbent
by using different feedstocks (i.e., fresh and used vegetable oil and fresh and used

animal fat).



1.3 Scope of Work

1.3.1 Develop the hydrogen production process through autothermal reforming
by using AspenPlus™ simulation software and compare the simulation results with
the experimental data obtained from the literatures.

1.3.2 Simulate hydrogen production process through autothermal reforming by
considering the effect of important parameters on hydrogen production and energy
consumption. The considered parameters are as listed below:

- Type of feedstocks: fresh vegetable oil, used vegetable oil, fresh animal fat

and used animal fat

- Temperatures in reformer: 800-1,000 K

- Pressures in reformer: 1-5 bar

- Temperatures in Water gas shift reactor: 300-400 K

- Steam to carbon molar ratios: 1-5

- Temperatures in absorber: at 600-800 K

- Calcium oxide to carbon monoxide ratio: 1-5

1.3.3 Develop the hydrogen production process through autothermal reforming
integrated with chemical lopping using calcium oxide as absorbent. The effect of
absorbent to carbon molar ratios in a range of 0. 1-1 on hydrogen production and

energy consumption is examined.

1.4 Expected Outputs

1.4.1 The flowsheet of hydrogen production through autothermal reforming
from various types of editable oil was obtained and can be further used to investigate
and develop the hydrogen production process.

1.4.2 The optimal operating conditions for hydrogen production from editable
oil could be provided.

1. 4.3 The hydrogen production from used cooking oil could reduce the

disposal and add value of used cooking oil.



CHAPTER 11
LITERATURE REVIEWS

2.1 Alternative energy [5-6]

Renewable energy or alternative energy is energy derived from natural
resources. This includes sunlight, wind, rain, geothermal heat, and various forms of
biomass. Figure 2.1 shows the total energy consumption classified by types of energy
resource and be found that renewable energy is used only 10% [6]. The main purpose
of using renewable energy is to replace the fossil fuels having environmental impact.
The use of renewable fuel can reduce greenhouse gas emissions since it will reduce
carbon dioxide emissions from other hydrogen production (i.e. coal, petroleum,

natural gas).

Geothermal 2%

Solar 6%
Wind 19%
Biomass waste 5%

Biofuels 22%

Wood 21%

Hydroelectric 25%

®Nuclear power @ Renewable energy ¢ Natural gas @ Coal © Petroleum

Figure 2.1. The energy consumption by energy source, 2015 [6].



2.2 Biomass [7]

Biomass is an organic material that comes from plants or animals. It is
perceived as the most promising of renewable sources. Biomass can be converted into
liquid biofuels and biogas that can be further used as fuels. In addition, it can be
converted to other useable forms like methane, hydrogen, carbon monoxide, and
others. Sources of biomass are considering as follows.

- Vegetable, such as palm, corn, cane, cassava, legumes and sun flower seed.

- Residual waste, such as straw, bran, sawdust, wood chips and Bark.

- Waste from the community, such as used cooking oil and dung.

2.3 Vegetable oil [8]

Vegetable oil can be produced from various type of plants; for example,
peanuts, soybeans, sunflower seed and palm oil. Chemically, vegetable oil is an ester
of glycerin and three long-chain fatty acids. It is commonly referred to as a
‘triglyceride’ . All triglycerides have the same glycerin unit. It is the fatty acids that
contribute to the different properties of the various vegetable oils ( Figure 2. 2) .
Vegetable oil is used in this study contained mainly triglycerides and long-chain fatty
acids. The fatty acids of fresh cooking oil contain mainly palmitic acid and linoleic

acid, as shown in Table 2.1.

3 water

Glycerol 3 fatty acid chains Triglyceride, or neutral fat molecules
e | | | B : l
H (0] H (0)
H—é—O —ghy HO— g—CHZ—CHZ"-CHZ—CHZ—Cm H—(I3—O = g_CHg_CHz‘"CHg_CHg_‘CHg
e Bk ¢
HECEOI—(H + HO-—g}—CHZ—CHZ---CHZ—CHQ—CHa |:> {0 (0—0) o g—CHg—CHz---CHQ—CHQ—CHa + 3H,0
| : -
H—(ID-—O —&H) (HOl— g—CHZ—CHz---CHg—CHZ—CHa H—(I)—O - (I.'ID—CHZ—CHQ---CHQ—CHZ—CHg
H H

Figure 2.2. Three fatty acid chains are bound
to glycerol by dehydrogenation synthesis [8].



Table 2.1 Main compounds of feedstocks

Mass fraction (%)
Fatty Chemical Fresh Used Fresh Used

acids structure | vegetable oil | vegetable oil | animal fat animal fat

(FVO) (UVO) (FAF) (UAF)

Palmitic Cl16:0 0.1058 0.104 0.29 0.2239

Stearic C18:0 0.0476 0.0451 0.15 0.1281

Oleic C18:1 0.2252 0.2437 0.45 0.4253

Linoleic Cl18:2 0.5234 0.519 0.1 0.1207

Linolenic C18:3 0.0819 0.0652 - 0.0081

Besides fresh cooking oil, hydrogen production from the used cooking oil is
also interested. In general, the used cooking oil should not be employed repeately in
several times because it will be loss both physical and chemical properties. When
unsaturated fatty acid from cooking oil is heated, its color will be changed from
yellow to brown or black. Furthermore, used cooking oil is highly toxic if it 1s used as
eating activities, it can increase risk of various diseases, such as heart disease, cancer
and diabetes.

Table 2.1 also shows the main components of fresh and used cooking oil [9].
It can be seen that used vegetable oil mainly containes linoleic acid (51.9 % ), oleic
acid (24.37 %), palmitic acid (10.4 %), linolenic acid (6.52 %) and stearic acid (4.51
% ). This information shows a deformation of structure. The major deformation of
structure is attributed to the thermal degradation of the unsaturated fatty acid includes

linoleic acid and linolenic acid.

2.4 Hydrogen production [10-19]

In general, hydrogen production can be divided into three main processes that
include steam reforming (SR), partial oxidation (POX) and the combination of steam
reforming and partial oxidation commonly known as autothermal reforming ( ATR).

Each process can be described as below.




2.4.1 Steam reforming [10-16]

Steam reforming is endothermic reaction and thus, the external heat source is
significantly required. Feedstock will be reacted with steam in the presence of a
catalyst to produce hydrogen and carbon monoxide through the steam reforming
reaction. Then, carbon monoxide is further reacted with the residual steam to produce
more hydrogen and carbon dioxide through water gas shift reaction. Eqgs. (2.1) and

(2.2) show the example of steam reforming reaction of methane.

Steam reforming: CH4+2H,0 — CO,+4H, AH,9g= 165 KJ/mole (2:1)
Water gas shift: CO+H,0 — CO,+ H, AH,9g=-41 KJ/mole (22)

2.4.2 Partial oxidation [17]

Partial oxidation is a chemical reaction that occurs when a mixture of the
feedstock and pure oxygen (Oz) are reacted under high temperature. The partial
oxidation process is exothermic reaction. Although this process can eliminate the
requirement of external energy source and be fast start-up, it has a high cost of
production since the air separator is needed to produce oxygen. In addition, it can
provide hydrogen lower than steam reforming process. Egs. (2.3) to (2.5) show the

example of partial oxidation reaction of methane.

Partial oxidation reaction:
CH, +20, — CO, + 2H,0 AH;300= 1802 KJ/mole (2.3)
CH, + CO, —»2CO+2H, AH;300=-206 KJ/mole 24
CH, + H,O0 - CO+3H,  AHj3p0= -247 KJ/mole (25)

2.4.3 Autothermal reforming [18-19]

Autothermal reforming is a combination of steam reforming and partial
oxidation In this process, hydrocarbon fuel will react with oxygen and steam. Since
both endothermic and exothermic reactions occur in the single reactor, the heat
balance is an important issue which should be taken into consideration.In order to
achieve the heat balance in the system without requirement of external energy source,
the heat released from the partial oxidation must be high enough to supply to the

steam reforming. The main advantages of autothermal reforming is that it can provide



higher hydrogen than partial oxidation and require less energy consumption than
steam reforming. The example of autothermal reforming reaction of methane is

expressed in Eq. (2.6).

2CH, + 3/20, — 2CO + 3H, + H,0 2.6)

2.5 Carbon dioxide separation [20-22]

In general, the gas product obtained from reforming process will be contained
underside product, such as carbon dioxide, carbon monoxide, methane, water and
others. From the literature survey, it is found that the gas product from the
autothermal reforming process will contain large quantities of carbon dioxide which
results in the greenhouse effect as well-known. Therefore, the carbon dioxide
separation should be installed in the hydrogen production process [20].

There are several techniques to separate carbon dioxide from the gas product.
These include absorption, adsorption, cryogenics, membrane, and others [21]. The
choice of these techniques depends on the characteristics of gas product released.
Currently, the most commonly encountered use of the absorption since it has a high

efficiency to trap carbon dioxide and non-corrosive equipment.

2.5.1 Absorption process

Absorption process involves atoms or molecules crossing the surface and
entering the volume of the material. The most commonly encountered use of
absorption is for the separation and purification of a gas mixture. The absorption is
divided into two types, including physical and chemical absorption [21].

Physical absorption of the gas mixture in a liquid solvent involving mass
transfer occurs at the interface between gas and liquid. The rate and amount of
absorption also depend on physical properties of liquid or gas like solubility,
temperature, pressure and surface area of the interface. Chemical absorption is a
chemical reaction between the absorbed and the absorbent substances. Sometimes it
combines with physical absorption. Chemical absorption depends on stoichiometry of

the reaction and the concentration of its reactants.



2.5.2 Chemical looping [22]

Chemical looping is regarded as ideal method to reduce the carbon dioxide
emissions to surrounding in the near future since this method can capture carbon
dioxide with a low energy demand. In this project, the chemical looping will be used
to absorb carbon dioxide by using calcium oxide (CaO) based sorbents. The reaction

considered in the calcuim looping reactions are shown below:

Carbonation: 4Ca0 + CO, — CaCO; AHgso = -171 KJ/mole 2.7
Calcination: CaCO; — CaO + CO, AHggo = 178 KJ/mole (2.8)

Figure 2.3 shows the calcium looping process which consists of two reactors,
including carbonator and calciner. In the carbonator, carbon dioxide reacted with
calcium oxide and then, calcium carbonate or be called limestone is produced through
carnation reaction, as expressed in Eq. (2.7). In a subsequent thermal regeneration
called calcination, calcium carbonate is regenerated to separate carbon dioxide as

show in Eq. (2.8).

H, rich Concentrated CO, for sequestration
CaCOI : | Fresh sorbent
Syngas Carbonator Calciner
4Ca0 8Dy — FaC03 1 \NCHQ CaCO; — Ca0+CO, | Spent sorbent
)l <+
5 % 4
T e
I
Steam Heat Oxygen (Oy)

Figure 2.3. Schematic of carbon dioxide capture by using calcium looping.
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2.6 Related research

Kim [ 10] presented the use of vegetable oil for producing synthesis gas or
syngas. Vegetable oil used as feedstock can be classified in two types that include
fresh cooking oil (FCO) and waste cooking oil (WCO) derived from used oil. He
characterized the component of both feedstock and found that FCO contains mainly
palmitic acid (8.6% ) and linoleic acid (83.5% ), whereas WCO is composed of
palmitic acid (9.9% ), linoleic acid (33.6% ), oleic acid (30.3% ) and stearic acid
(3.7% ). The presence of oleic and stearic acid in WCO will be attributed to the
decomposition of linoleic acid by decarboxylation and hydrogenation during the
cooking process of FCO. The experimental result indicated that, concentrations of
producer gases (i.e., H2, CO, and CHs) obtained from WCO gasification were higher
than those obtained from FCO due to the decomposition of linoleic acid in the fuel
properties of WCO. In addition, the experiments were carried out using an activated
carbon filter to reduce tar content.

Rafiq [ 19] presented the experimental study of hydrogen production through
autothermal reforming from used cooking oil. In the experiment, the reaction was
carried out under atmospheric pressure at 800-1000 K. In addition, propane is used in
the oxidation to maintain autothermal reforming operation. The addition of propane
can improve the stability of the autothermal reforming process. It was found that
concentration of hydrogen and carbon dioxide increaseing, carbon monoxide and
methane concentrations decreaseing with an increase in the steam flow rate. This
could be explained by a combination of three phenomena. Firstly, when the steam
flow rate increase, the heat transfer from oxidation sites to steam reforming sites
would be increased. Secondly, when the reformer operates at low steam to carbon
molar ratio, the occurrence of catalyst deactivation was more likely. Finally, when the
reformer was operated at high steam to carbon molar ratio, the equilibrium of the
water gas shift reaction moved forward and the production of carbon dioxide is more
pronounced compared to that of carbon monoxide. In addition, an increase in the
reaction temperature resulted in the production of smaller species (i.e., Hz, CO, CO2
and CH4), but the concentration of higher species (hydrocarbons with high molecular
weight) is decreased. If the operation is at low temperature, the hydrogen and carbon
dioxide yields are low. This result was due to the formation of methane as the

hydrogenation of carbon monoxide and coke.



CHAPTER III
RESEARCH METHODOLOGY

This project aimed to compare hydrogen production through
autothermal reforming by using different cooking oils. This factor included fresh and

™ goftware was

used vegetable oil and fresh and used animal fat. The Aspen Plus
used to design and simulate the hydrogen production. Section 3.1 presents the
diagram of hydrogen production through autothermal reforming whereas Section 3.2
shows the intergrated system of autothermal reforming and chemical looping process.

Finally, the simulation approach is described in Section 3.3.

3.1 Hydrogen production by autothermal reforming of cooking oil

The hydrogen production from cooking oil will be operated with multiple
reactors: autothermal reformer and water gas shift reactor. The mixture of cooking oil
and reforming agent is further supplied to ATR reactor. After that, WGS reactor is
installed after reforming process to enhance hydrogen content as show in Figure 3.1.

The unit models and operating conditions used are listed in Table 3.1.

r 3

Oxidizing agent
(Propane)

Cooking il A

N
W

Syngas | Water gas Rich Hz

shift

Reformer

W(
S\

Steam/Air

Figure 3.1. Diagram of hydrogen production by autothermal reforming.



Table 3.1 Unit operation models and operating conditions of reforming
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Unit operation Unit model Operational range
200-400 K
Mixer Mix
1 bar
Heater Heater 600 K
800-1000 K
Reformer RGibbs Reactor
1 bar
300-400 K
Water gas shift REquil Reactor
1-5 bar

3.1.1 Feedstock

Cooking oil and reforming agent (steam and air) is separately entered into the

mixer. The cooking oils considered in this project are fresh and waste vegetable oil

and fresh and waste animal fat. In general, the waste cooking oil samples have been

thermally treated at high temperature and therefore, it is possible to contain a

contamination of ash, char, or residue remaining from frying which it has to be

filtered before being used as a substrate. However, in this research, the waste cooking

oil will be assumed to pass the filter successfully.

3.1.2 Reformer

The mixture of cooking oil and reforming agent is further supplied to reformer

simultanously with propane heated by heater. The possible reaction can be occured in

the reformer, as given in Egs. (3.1)-(3.11)

UCO partial oxidation
UCO oxidation

Water gas shift

Alkane steam reforming
Alkane partial oxidation
Methane dry reforming

Methane decomposition

CiH,0, + (x/2 - 2/2)0, < (y/2)H, + xCO

CH, 0, + (x + y/4 - 2/2)0, > (y/2)H,0 +xCO,

CO +H,0 < H, + CO,
CxHjyip + xH,0 <> xCO + (2x + 1)H,
CxHyy iy + (x/2)0, <> xCO + (x + 1)H;,
CH; + CO, < 2CO + 2H,

CH, <> 2H; + C

3.1)
(32)
(33)
(34
(3.5)
(3.6)
(3.7)
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Methanation of CO 3H, + CO < CH, + H,0 (3.8)
Methanation of CO, 4H, + CO, < CH; +2H,O0  (3.9)
Oxidation of carbon monoxide CO +0.50, « CO, (3.10)
Oxidation of hydrogen H, + 0.50, < H,0 (8.1

3.2 Carbon dioxide absorption by calcium looping

The absorption process is widely used for the separation and purification of a
gas mixture. This process can separate contaminants, i.e. carbon monoxide, steam,
carbon dioxide from synthesis gas to increase the purity of hydrogen. In this project,
the chemical looping process is used to absorb carbon dioxide by using calcium oxide
(CaO) based sorbents. The absorption diagram is shown in Figure 3.2. The unit
models and operating conditions of carbon dioxide absorption are summarized in

Table 3.2.

3.2.1 Feedstock
Feedstock for the adsorption process consists of the synthesis gas obtained

from autothermal reforming process.



Table 3.2 Unit operation models and operating conditions of the absorption
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Unit operation Unit model Operational range
800-1000 K
Absorber Mix
1 bar
Flash Heater 300-400 K
1000-1200 K
Regenerator RGibbs Reactor i
ar

3.2.2 Absorber and Regenerateor

Chemical looping process consists of two reactors; absorber and regenerator.

The absorber is used to separate carbon dioxide from the synthesis gas by using

calcium oxide based sorbents. In the absorber, carbon dioxide reacts with calcium

oxide and produces calcium carbonate through carbonation reaction. After that,

calcium carbonate is directly supplied to the regenerator where rich carbon dioxide is

separated from calcium oxide through calcination reaction. In addition, the flash

separator is employed to increase hydrogen concentration by extracting water from

rich hydrogen.
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3.3 Simulation approach

Figure 3.3 presents the simulation approach for hydrogen production through
autothermal reforming integrated with chemical looping process. Aspen Plus™
software is used to design and simulate the hydrogen production process, as show in
Figure 3.4. In the process simulation, the thermodynamic analysis was performed
based on the property method of UNIF-LBY. This method can be used for
triglycerides. When the operating conditions of reformer (i.e. Tret, Prer, SCR, OCR)
and composition of feedstock and reforming agent are specified simultaneously with
the operating conditions of absorption process ( i.€. Trf, Prr, SCR, OCR), the
equilibrium product composition can be calculated based on the total Gibbs free
energy minimization method. The molar ratio between reforming agent ( steam and
and air) feedstock can be calculated from Eqs. (3.10) and (3.11). In this project, the
effect of important parameters (e.g., type of feedstock, reformer temperature, SCR

and OCR) is investigated in terms of H, mole fraction.

Steam to carbon ratio (SCR)

% ( mole of steam ) ( mole of steam ) (3.10)
mole of cooking oil reacted mole of cooking oil reacted ", - 0o )

Steam to carbon ratio (OCR)

& ( mole of steam ) ( mole of steam ) G0

mole of cooking oil reacted mole of cooking o1l reacted

stoichiometric
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[ Start 1

l )
/ - . . " \
Given opera'Fmg condition Given operating condition of
of reforming reactor absorber and regenerator
(Tref,Prer, SCR,OCR) (Tref, Pref, SCRref)
v v
( . .-, \
Given composition of Given amount of absorbent
feedstock and chemical 3
property.
e

l

Calculate the gas composition at
equilibrium by using total Gibbs free
energy minimization method

l

Calculate SCR, OCR,
H> mole fraction and record.

l

Figure 3.3. Diagram of the hydrogen production.
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CHAPTER IV
SIMULATION RESULTS AND DISSCUSION

The simulations results of hydrogen production can be divided into 3 major
parts. Section 4.1 presents the comparison between simulation result and experimental
data from other research. This section was used to verify the reliability of the process
simulation. Section 4.2 shows the results of hydrogen production through autothermal
reforming integrated with chemical lopping using calcium oxide. This section aims to
determine the optimal operating conditions for hydrogen production. This section can
be divided into 2 subsections. Section 4.2 .1 presents the effect of changes in the
operating conditions of the reformer that include temperature and pressure of
reformer, stearﬁ to carbon molar ratio (S/C), temperature and pressure of water gas
shift unit on hydrogen production. Section 4.2.2 shows the effect of changes in the
operating conditions of the absorption unit that include temperature and pressure of
absorber and amount of absorbent on carbon dioxide removal. Finally, Section 4.3
shows the effects of oil types in hydrogen production from autothermal reforming unit

at different temperatures and pressures of reformer.

4.1 Comparison results between simulation and experimental results

The reliability of the process model in this project was observed by comparing
with the experimental data from Rafiq and Hustad [19] under same operating
conditions. They studied the use of vegetable oil as feedstock for hydrogen production
through autothermal reforming. Under same operating conditions as temperature of
850 K, pressure of 1 bar, steam to carbon molar ratio of 1 and oxygen flow rate of
369.84 NL/hr, the mole fractions of each component at different water flow rates
obtained from simulation and experiment were compared, as shown in Figure 4.1. It
can be seen that the simulation results are agree with the experimental data.
Therefore, the process model is reliable for studying the effect on hydrogen

production from autothernal reforming.
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Figure 4.1. Comparison of the molar ratios of each component between the

simulation results and the experimental data.of Rafiq and Hustad [19].

4.2 Effect of operating conditions on hydrogen production

This section presents the effect of operating condition of autothermal reformer
and absorber on hydrogen production by considering used vegetable oil. The used
vegetable oil which is composed of linoleic acid (51.9 %), oleic acid (24.37 %),
palmitic acid (10.4 %), linolenic acid (6.52 %) and stearic acid (4.51 %) 1s fed into the
reformer with 1 kmole/hour. The operating parameters are listed in Table 3.1. The
standard operating conditions of reformer are temperature of 800 K, pressure of 1 bar

and steam to carbon molar ratio of 5.

4.2.1 Effects of operating condition in reformer

4.2.1.1 Effects of temperature in autothermal reformer

Figure 4.2 shows the effect of temperature and pressure of autothermal
reformer on hydrogen production. When the effect of reformer temperature is
considered, it can be seen that hydrogen production increases with increasing
temperature in the range of 800 to 1,000 K at a fixed steam to carbon molar ratio of 5.
This is since ATR is endothermic reaction [19], equilibrium shifts towards products
side with increasing temperature and this results in an increase in hydrogen
production. The simulation result indicates that the maximum hydrogen content can

be obtained when the reformer is operated at 900 K.
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Figure 4.2. Effects of changing the temperature and pressure in autothermal reformer

at S/C of 5 on hydrogen mole fraction.

4.2.1.2 Effects of pressure in autothermal reformer

From Figure 4.2, it is found that hydrogen production decreases with
increasing pressure in the range of 1-5 bar at a fixed temperaure of 900 K and steam
to carbon molar ratio of 5. The simulation result indicates that hydrogen production
increases with decreaseing pressure of reformer to atmospheric pressure or 1 bar. This
is because pressure of product side has higher pressure than reactant side [10]. So, if
pressure is increased, equilibrium will shift towards the lower pressure side. The gas
products will be consumed by reverse reaction and reactants will form. As a result, the
production of hydrogen will be decreased. So, the high pressure has negative
influence on the hydrogen production, ATR process should be operated close to

atmospheric pressure.

4.2.1.3 Effects of S/C in autothermal reformer

The effect of S/C on hydrogen production at temperature of 900 K and
pressure of 1 bar is shown in Figure 4.3. In general, amount of hydrogen was found
to increase with increasing S/C in the range between 1-5 at a fixed temperature and
pressure. Since an increase in S/C means that the mole number of steam in reactant
side is higher, the equilibrium of ATR reaction shifts towards the products side
(Eq.3.4) which leads to the increased hydrogen production. Moreover, The increase of
S/C also promotes the reverse methanation reaction (Egs.(3.8)-(3.9)) and this results

in higher hydrogen production.
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Figure 4. 3. Effects of changing the steam to carbon molar ratio in autothermal
reforming reactor on mole flow of each component at temperature of 900 K and

pressure of 1 bar.

4.2.1.4 Effects of temperature and pressure in water gas shift reactor

Figure 4.4 shows the effect of temperature and pressure of WGS reactor on
hydrogen production. When the effect of temperature is considered, it can be seen that
hydrogen production increase with increasing temperature in the range of 300 to 360
K at a fixed S/C of 5. This is since most of the reaction in the WGS reaction is
exothermic reaction [15], equilibrium shifts towards products side with low
temperature. In addition, the high pressure has negative influence on the hydrogen
production. This is because pressure of product side has higher pressure than reactant
side. The gas products will be consumed by reverse reaction and reactants will form.
As a result, the production of hydrogen will be decreased. The simulation result
indicates that the maximum hydrogen content can be obtained when the WGS reactor

is operated at 360 K at atmospheric pressure.
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Figure 4.4. Effects of changing the temperature and pressure in water gas shift reactor

on hydrogen mole flow rate.

4.2.2 Effects of operating condition in absorber

4.2.2.1 Effects of temperature in absorber

The effect of absorber temperature on the mole fractions of carbon dioxide and
hydrogen is shown in Figures 4.5 and 4.6, respectively. Effect of temperature in range
of 600-800 K is investigated whereas pressure is fixed at 1 bar. As seen in Figure 4.5,
the carbon dioxide mole fraction increases with increasing temperature. This is due to
the fact that the carbomation reaction occured in absorber is exothermic reaction (Eq.
(2.7)) and thus, the reduction of CaO to CaCOj; is significantly restrained by
themodynamics and kinetics at high temperature. In addition, when carbon dioxide is
separated from gas production, equilibrium of reaction will shift towards products
side to increaseing hydrogen production as shown in Figure 4.6. From the simulation

result, the optimal absorber temperature is 660 K.

4.2.2.2 Effects of the amount of calcuim oxide in absorber

Figures 4.5 and 4.6 demonstrate the effect of amount of CaO on the mole
fractions of carbon dioxide and hydrogen. At fixed temperature, it can be observed
that increases of amount of CaO can decrease carbon dioxide content whereas
hydrogen content can be improved. This is bacause more CaO added into the absorber
can react with carbon dioxide in synthesis gas; therefore, decrease of carbon dioxide

and increase of hydrogen are presented.
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4.3 Effect of oil types on hydrogen production

In this section, the influence of using different oil types, i.e., fresh vegetable
oil (FVO), used vegetable oil (UVO), fresh animal fat (FAF) and used animal fat
(UAF) on hydrogen production is presented. It is noted that the vegetable oil is
soybean oil whereas animal fat is lard. The hydrogen production as a function of
different reformer temperature, steam to carbon molar ratio and water gas-shift reactor
temperature is shown in Figures 4.7-4.9, respectively. All results are consistent that
used vegetable oil can produce the highest amount of hydrogen, followed by used
animal fat, fresh vegetable oil and fresh animal fat. In the point of chemical, vegetable
oil is an ester of glycerin and three long-chain fatty acids, and is commonly referred to
a triglyceride. All triglycerides have the same glycerin unit, so it is the fatty acids that
contribute to the different properties of the various vegetable oils which mainly
component of vegetable oil is long chain hydrocarbon of fatty acids compared with
animal fat such as oleic acid and palmitic acid. The used vegetable oil can produce the
highest amount of hydrogen since used vegetable oil was heated to elevated
temperature. It may cross chemical reactions, hydrolysis, oxidation and
polymerization. Degradation products such as free fatty acids. Besides, the viscosity

of the cooking oil will increase and its color will go darker [24].
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Figure 4.7. Effects of changing the temperature and type of cooking oils in ATR

reactor on hydrogen mole flow.
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CHAPTER V
CONCLUSION AND SUGGESTION

5.1 Conclusion

This project presents hydrogen production through autothermal reforming
integrated with chemical looping by using different cooking oil, i.e., fresh and used
vegetable oil and fresh and used animal fat. This study uses soybean oil as vegetable
oil and lard as animal fat. The effect of operating conditions in reformer and absorber
are investigated to determine the optimal conditions. The results showed that the
optimal operating conditions of reformer are at temperature of 900 K, pressure of 1
bar and steam to carbon molar ratio of 5. The water gas shift reactor should be
operated at 360 K and atmospheric pressure. Finally, temperature of 660 K at
atmospheric pressure and amount of calcium oxide of 18 kmole/hr are the optimal
operating conditions of absorber. The parameter was used to simulation as show in
table 5.1.

The simulation result indicated that used vegetable oil can produce the highest
amount of hydrogen, followed by fresh vegetable oil, used animal fat, and fresh
animal fat. Under these operating conditions, the hydrogen purity of 99.9% can be

provided and this can be used as fuel in industries.

5.2 Suggestion

1. Study on used cooking oil contaminants, i.e., tar, char and other before
entering reformer.

2. Study on the economic feasibility and internal design of the hydrogen
production process from cooking oil.

3. Study on the relationship between oxygen content and energy consumption

of the autothermal reforming reactor.
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APPENDIX



Appendix A
Comparison results between simulation and experimental

results.
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Appendix B

Results of operating conditions on hydrogen production
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Appendix C
Results of process simulation to compare the effect of oil

types on hydrogen production
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